Color breaking baryogenesis by Ramsey-Musolf, Michael J. et al.
ACFI-T17-20
Color Breaking Baryogenesis
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We propose a scenario that generates the observed baryon asymmetry of the Universe through a
multi–step phase transition in which SU(3) color symmetry is first broken and then restored. Two
mechanisms produce a baryon asymmetry: one is analogous to conventional electroweak baryogene-
sis; the second involves spontaneous violation of B −L conservation near the phase boundary. The
contribution from the electroweak mechanism dominates, while the spontaneous violation of B − L
conservation leaves a small relic charge asymmetry that is several orders of magnitude below current
observational bounds. We illustrate this scenario with a simple model that reproduces the observed
baryon asymmetry. We discuss how future electric dipole moment and collider searches may probe
this scenario, though future EDM searches would require an improved sensitivity of several orders
of magnitude.
I. INTRODUCTION
The origin of the cosmic matter-antimatter asymme-
try remains one of the outstanding open questions at
the interface of cosmology with particle and nuclear
physics. The Planck experiment determines that the
baryon asymmetry of the Universe (BAU) is [1]
nB
s
≡ YB = (8.59± 0.11)× 10−11 (1)
where nB (s) is the baryon number (entropy) density.
To dynamically generate the BAU one must fulfil three
Sakharov conditions[2]: baryon number violation, C
and CP violation, and a departure from equilibrium.
The Standard Model (SM) cannot explain the matter-
antimatter asymmetry as it fails to provide sufficient
CP violation [3–5] and the required out-of-equilibrium
conditions[6–9]. As such many beyond SM scenarios have
arisen to accommodate this need.
For many years, electroweak baryogenesis (EWBG)
has been one of the most attractive scenarios for explain-
ing the BAU [10–12]. The main reason for this inter-
est has been its testable nature due to its strong con-
nection with the weak scale. However, successful elec-
troweak baryogenesis requires new bosonic states with
masses near the weak scale and significant couplings to
the Higgs boson in order to generate a strongly first-
order electroweak phase transition (EWPT). One of the
most widely-considered possibilities, the minimal super-
symmetric Standard Model (MSSM) with relatively light
top squarks, appears to be in considerable tension with
LHC data e.g., see [13, 14] (however, see also [15]). In
this context, it is worth asking if there are well motivated
and testable modifications to the EWBG paradigm.
∗Electronic address: mjrm@physics.umass.edu
†Electronic address: graham.white@monash.edu
‡Electronic address: pwinslow@physics.umass.edu
The rich landscape of phase structures in condensed
matter systems suggests that the thermal history of sym-
metries in the Universe might be more exotic than the
conventional scenario involving a single instance of elec-
troweak symmetry-breaking at a temperature TEW ∼
100 GeV. This possibility has been suggested in Wein-
berg’s analysis of gauge symmetries at finite temper-
ature [16], and subsequently followed up by several
authors[17–26] As observed in Ref. [16], for example,
Rochelle salt has the remarkable property first undergo-
ing a symmetry-breaking transition as the temperature is
lowered, followed by a symmetry-restoring transition at
lower temperature[27]. This raises the fascinating pos-
sibility that a similar phenomenon may occur in gauge
theories[16].
In light of this possibility and the constraints on
the EWBG paradigm, we consider a multi-step phase
transition beginning with a symmetric universe at high
temperature, followed by the spontaneous breaking of
SU(3)C as the Universe cools and ending with its sub-
sequent restoration. Although there have been stud-
ies of multistep phase transitions incorporating SU(3)C-
breaking [7, 23, 25], only the last has gives a viable mech-
anism to break SU(3)C symmetry and restore it at zero
temperature.
In this study, we follow the general set-up of Ref. [25]
where SU(3)C-breaking is induced by colored scalars ob-
taining a vacuum expectation value (vev) during the first
transition, which breaks both the color SU(3)C and and
electroweak (EW) SU(2)L×U(1)Y symmetries of the SM.
This vev is then erased during the subsequent transition
to the present “Higgs phase”, wherein the only the neu-
tral component of the Higgs doublet obtains a vev. We
refer to these two transitions as the CoB and EW phase
transitions, respectively (though technically both break
EW symmetry). We develop a full working scenario of
baryogenesis under these conditions, which we refer to
as color-breaking baryogenesis (CoBBG). We will focus
our attention on the CP violation and charge transport
dynamics and not the dynamics of the phase transition
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2that was previously studied in Ref. [25].
To demonstrate this new paradigm, we introduce two
new scalar fields, C1,2, that are charged under SU(3)C as
well as SU(2)L×U(1)Y . In order to prevent the existence
of stable colored relics, we take these fields to interact
with the Standard Model (SM) as leptoquarks through
Yukawa-type interactions. With this field content, the
thermal history of symmetry breaking is
SU(3)C × SU(2)L × U(1)Y
T1−→ SU(2)C × U(1)X1 × U(1)X2
T2−→ SU(3)C × U(1)EM , (2)
where X1,2 denote two independently conserved U(1)
charges during the CoB phase that accompany a residual
color SU(2)C symmetry. The BAU is generated during
the first phase transition at temperature T1, with the
Sakharov conditions realized as follows:
1. Baryon number conservation is violated in two
ways: the usual electroweak sphalerons anoma-
lously violating B + L and spontaneous violation
of B−L in the color breaking phase, since the lep-
toquark fields Cj carry B − L.
2. The leptoquark-quark-lepton Yukawa couplings
contain new CP-violating complex phases that
source the generation of charge asymmetries dur-
ing the first transition.
3. The spontaneous breaking of SU(3)C symmetry
proceeds via a strongly first order phase transi-
tion, resulting in nucleation of CoB bubbles and,
thereby, satisfying the out-of-equilibrium require-
ment.
During the second transition at temperature T2, the BAU
produced during the first step inside the CoB phase is
transferred to the Higgs phase. So long as the second
transition does not permit re-excitation of the unbroken
phase EW sphalerons or injection of significant entropy,
the first phase BAU will not be washed out or diluted
when the second transition occurs.
During the first step, the BAU produced via elec-
troweak sphalerons is directly analogous to EWBG. Elec-
troweak sphalerons are unsuppressed in the symmetric
phase. CP violating interactions with the walls of the
expanding CoB phase bubbles creates a total left handed
number density that biases the sphalerons at the bubble
exteriors. This produces a net B + L asymmetry, some
of which is swept up by the advancing bubble wall. For
a sufficiently strong first order CoB transition, the bro-
ken phase EW sphaleron transitions will be sufficiently
quenched by the Cj vevs so as to preclude washout of the
B + L asymmetry.
The second mechanism for violating baryon number
conservation involves the spontaneous violation of B−L
number conservation by the Cj vevs. This occurs along-
side a spontaneous violation of electric charge (QEM) con-
servation. The relic QEM and B−L asymmetry resulting
from this mechanism is spacetime dependent and quickly
relaxes to a negligible value at a scale that is typically
a trillionth of the Hubble length for our model. During
the second transition, these charge asymmetries are also
transferred to the present Higgs phase. As we show be-
low, the resulting relicQEM to entropy ratio is may orders
of magnitude below the present constraints derived from
the isotropy of the cosmic microwave background[28].
The corresponding relic B − L asymmetry is also neg-
ligible. On the other hand, the B + L asymmetry is
effectively conserved deep within the color broken phase
and persists into the electroweak phase. The net BAU
is, thus, dominated by the conventional B + L generat-
ing EWBG mechanism. We find that given the present
phenomenological constraints from collider searches and
EDMs, the resulting BAU can be comparable in magni-
tude to the observed asymmetry.
We organize our discussion of this scenario as follows.
In the Section II we define our exact choice of model to
illustrate this scenario and section III elaborates on the
symmetry breaking patterns associated with the multi-
step phase transition. In Section IV we analyze all is-
sues of charge transport including local equilibrium con-
siderations, derivation of quantum transport equations,
and our results including the contribution from the elec-
troweak mechanism. Section V discusses the relic charge
asymmetry and observational bounds before discussing
the zero temperature phenomenology of such a model of
Section VI. Finally, we conclude in Section VII.
II. THE MODEL
Our illustrative model consists of the SM plus two
scalar leptoquark fields, C1,2, that must be charged un-
der SU(3)C and SU(2)L in order to catalyze a CoB phase
transition and quench electroweak sphalerons during this
transition. In general, there are three scalar leptoquark
representations that couple to SM fermions and have non-
trivial SU(2)L quantum numbers [29], (3,3)−1/3, (3,2)7/6,
and (3,2)1/6. We seek a model that has the minimum
number of free parameters, is least constrained phe-
nomenologically, and does not enable any baryon number
violating processes at zero temperature.
The (3,3)−1/3 representation does not pass these
requirements as it couples to both QLQL and Q
†
LL
†
L,
violating baryon number explicitly at tree level. The
(3,2)7/6 representation admits an enhanced µ→ eγ rate
by virtue of it coupling to both Q†LeR and u
†
RLL. The
same enhancement also appears in 1-loop logarithmi-
cally divergent contributions to the charged lepton mass
matrix, leading to non-trivial naturalness constraints
even if the leptoquarks only couples to third generation
particles [30]. In contrast, the (3,2)1/6 representation
only couples to d†RLL, so it is not subject to the above
phenomenological constraints. Furthermore it has no
perturbative baryon number violation and can catalyze
3gauge coupling unification [31]. We therefore use this
representation to illustrate the mechanism of CoBBG.
Given the quantum numbers of the C1,2 fields, we de-
note them as
Cjα =
(
χ
2/3
jα
χ
−1/3
jα
)
j = 1, 2 (3)
where Roman and Greek subscripts indicate the field and
SU(3)C indices respectively, while superscripts represent
the electromagnetic charges of the SU(2)L component
fields. The most general Yukawa interaction for this rep-
resentation is
LY ⊃ dαR
(
Y 1C1α + Y
2C2α
)
L+ h.c. (4)
where flavor indices have been suppressed and the SU(2)L
contraction is
CjαL ≡ χ2/3jα eL − χ−1/3jα νL . (5)
The 3×3 Yukawa matrices, Y 1 and Y 2, couple right
handed down-type quarks (dR, sR, bR) to left handed lep-
tons (eL, µL, τL) and neutrinos (νeL, νµL, ντL). These
new Yukawa matrices are arbitrary. However, the ab-
sence of large flavor changing neutral currents (FCNC)
combined with LHC constraints being significantly more
stringent for leptoquarks coupled to first or second gen-
eration fermions [32] suggests a hierarchical structure
where bR-ντL couplings are dominant. Consequently, we
take
Y i = diag (0, 0, y˜i) , (6)
where the zeros here indicate sub-leading couplings that
we neglect in our analysis. Consequently, there is only
one rephasing invariant CP phase and it is the relative
phase Im(y˜∗1 y˜2). This is the minimum structure necessary
to illustrate the CoBBG mechanism.
Note that in Ref. [25] it was found that in order to
have a phenomenologically viable scenario where color
symmetry is broken and restored, one requires there to
be gauge singlets in the model. The gauge singlet allows
the leptoquark mass to be a TeV or higher and can result
in the leptoquark mass during the color breaking phase
to substantially differ from its zero temperature value in
the standard model phase. In this paper we ignore gauge
singlets and leave such features to future work.
III. SPONTANEOUS SYMMETRY BREAKING
OF SU(3)C×SU(2)L×U(1)Y
In this section, we describe the pattern of spontaneous
symmetry breaking during the multistep phase transi-
tion. It is necessary to understand this pattern as the
presence of conserved gauge symmetries during the CoB
phase will be used to make significant simplifcations in
the next section.
Without loss of generality, we choose the orientation
of the color breaking vevs such that the shifted Cj fields
are (
χ
2/3
jα
χ
−1/3
jα
)
→
(
χ
2/3
jα
ϕjδ
3
α + σ
−1/3
jα
)
j = 1, 2 (7)
where ϕj are the vevs and the δ
3
α singles out a direction in
SU(3)C space. In order to identify the symmetry break-
ing pattern, we examine the gauge boson mass spectrum
in the CoB phase.
Neglecting fluctuations around the vevs, the gauge bo-
son mass spectrum is given by∑
j
|Dµ〈Cjα〉|2 = ϕ2CB
×
[
e2S
(
G+,45µ G
−,45µ +G+,67µ G
−,67µ)+ e2WW+µ W−µ
+
(
W 3µ Bµ G
8
µ
)M2
2
 W 3µBµ
G8µ
]
(8)
where ϕ2CB ≡ ϕ21 + ϕ22 and the hypercharge, weak, and
strong gauge couplings have been normalized as
(eY , eW , eS) ≡ (gY /
√
2, gW /
√
2, gS/
√
2) . (9)
The G±,ijµ ≡ 1√2
(
Giµ ∓ iGjµ
)
fields correspond to the
well-known SU(3)C generators of isospin (ij=12), U-
spin (ij=45), and V-spin (ij=67) while the W± ≡
1√
2
(
W 1µ ∓ iW 2µ
)
fields correspond to the familiar gener-
ators of weak isospin.
The 3×3 mass matrix takes the form
M2 =

e2W −
eW eY
3
2eW eS√
3
−eW eY
3
e2Y
9
− 2
3
√
3
eSeY
2eW eS√
3
− 2
3
√
3
eSeY
4
3
e2S
 . (10)
This matrix has only one non-zero eigenvalue, implying
the presence of two unbroken and one broken U(1) gauge
symmetries present in the CoB phase. We denote the
corresponding three mass eigenstate fields as
(X1µ, X2µ, X3µ)
T
= U (W 3µ , Bµ, G8µ)T (11)
where U diagonalizes M2. While X1µ and X2µ remain
massless, mediating long-range forces associated with the
unbroken symmetries U(1)X1 and U(1)X2 , X3µ develops
a mass
m2X3 = ϕ
2
CB/9
(
12e2S + 9e
2
W + e
2
Y
)
(12)
and thus mediates a short-range force associated with
the broken U(1)X3 symmetry. The corresponding charge
4�� ��
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FIG. 1: The interaction pattern of gauge fields corresponding
to SU(3)C generators of isospin (G
±,12
µ ), U-spin (G
±,45
µ ), and
V-spin (G±,67µ ) and fields in the fundamental triplet represen-
tation.
generators of these U(1) symmetries are given by
QX1 = T
8 − 2√
3
τ3
QX2 = τ
3 + 3Y
QX3 = T
8 +
√
3
2
e2W
e2S
τ3 − 1
2
√
3
e2Y
e2S
Y . (13)
The charges QX1 and QX2 are conserved in both the
symmetric and color broken phase. The gauge fields cor-
responding to the SU(3)C isospin generators are missing
from Eq. (8) and thus remain massless, indicating the ex-
istence of an unbroken SU(2)C subgroup of SU(3)C in the
CoB phase. This situation effectively distinguishes color
state q3 from q1, q2, indicating that its’ dynamics should
be treated separately in the CoB phase. This situation is
represented graphically in Fig. 1 and further clarified in
Section IV A. In Section IV B, we will study the charge
transport dynamics of each independent color separately.
IV. BARYOGENESIS
The BAU calculation is performed in two steps. First,
we analyze charge transport dynamics of the relevant
number densities in order to calculate the space time
varying B−L and chiral charge densities generated dur-
ing the strongly first-order CoB phase transition. Sec-
ond, the total left handed number density that biases
the sphalerons resulting in a B + L asymmetry via the
EWBG mechanism. Combining the results of contribu-
tions yields the net BAU in the CoB phase.
The dynamics of particle number densities during a
first order phase transition is a highly non-Markovian
process that depends on the entire history of the sys-
tem. In particular, “memory effects” can lead to a reso-
nant boost of both CP violating sources and CP conserv-
ing relaxation terms that result from interactions with
the space time varying vacuum [33–36]. Recall that our
model contains a new, T = 0 rephasing invariant the lep-
toquark interaction that results in a new CP-violating
(CPV) and (B − L)-violating (BLV) source S(CPV,BLV)i
for the transport equations
∂µj
µ
i = −
∑
j
Γijµj + S
(CPV,BLV)
i (14)
where jµi and µi are the charge current density and chem-
ical potential, respectively, of particle species i and Γij
are the rates of interactions between species i and j.
The computation of the S
(CPV,BLV)
i is, in general,
quite subtle, and there remain a number of open theoret-
ical issues for the CPV-sources involving fermions (for a
discussion, see e.g., Ref. [11] and references therein). The
general framework we adopt is the Schwinger-Keldysh
closed time path formalism [37–42]. We will work with
the vev insertion approximation (VIA), wherein we treat
space-time varying vevs appearing in the b-ν mass matrix
perturbatively to lowest non-trivial order. The diagram-
matic representation of S
(CPV,BLV)
i in the VIA is shown
Fig. 2. We expect that the VIA gives a reasonable guide
to the magnitude of the CPV effects and allows one to see
structure of the dynamics in our scenario. A more refined
treatment including full accounting for flavor oscillations
and vev-resummations is in progress[34, 35, 43, 44], and
it remains unclear as to whether the VIA yields an over-
estimate or underestimate. Consequently, we will take
our results as indicative of the magnitude of the BAU in
our set up and not as numerically definitive.
With these caveats in mind, we apply the techniques
in Ref. [36, 45], we obtain
S
(CPV,BLV)
b = −S(CPV,BLV)νL =
Im[y˜1y˜2]
pi2
v2CB(z)
∂ζ(z)
∂t
∫ ∞
0
k2dk
ωνLωb
Im
[ (EνLEb + k2)(nf (EνL) + nF (Eb)(EνL + Eb)2
)
+
(EνLE∗b − k2)(nf (EνL)− nF (E∗b )(E∗b − EνL)2
)]
. (15)
Here tan ζ(z) is the ratio of the vevs of the colored scalars,
ϕ2(z)/ϕ1(z), nF is the Fermi-Dirac distribution func-
tion, ωi =
√
k2 +m2i , and Ei ≡
√
k2 +m2i − iΓi with
mi and Γi representing the fully corrected thermal mass
and width of state i 1.
Denoting the chemical potentials of the left handed
tau neutrino and the third color-component of the right
handed bottom quark as µντL and µb3 , respectively, we
can write the CP conserving relaxation term associated
with Fig 2 as
SCP = (µντL − µb3R)ΓM (16)
1 In principle, one can have CP violating sources resulting from
CP violation in the scalar potential, e.g., see [46]. However, for
the purposes of this paper, we only consider the CP violating
source listed in Eq. (15).
5ϕ(x) ϕ(z)
ντL
b3R b
3
R
FIG. 2: Interaction between the left handed tau neutrino
and the right handed 3rd color bottom quark with space-time
varying vacuum. This interaction is responsible for new CP
violating source
with
ΓM =
|y˜1ϕ1(z) + y˜2ϕ2(z)|2
2pi2T
∫ ∞
0
k2dk
ωνωb
Im
[ (EνLEb + k2)(hF (EνL) + hF (Eb)EνL + Eb
)
− (EνLE∗b − k2)(hF (EνL) + hF (E∗b )E∗b − EνL
)]
. (17)
and
hF (x) = e
x/T /(1 + ex/T )2. (18)
With these sources in hand, we now analyze the trans-
port equations (14) in detail. A particle’s dynamics are
important if it is able to diffuse ahead of the advancing
bubble wall. The diffusion time is characterized by a dif-
fusion constant Di (see below) and the bubble wall veloc-
ity vw: τdiff = D/v
2
w ∼ 104/T [47] for vw on the order of
0.05. This time scale is typically shorter than the inverse
rate for the EW sphalerons to convert the left-handed
number density nL into B + L, τEW ∼ Γ−1EW ∼ 105/T ,
where ΓEW ≈ 120α5WT and αW is the SU(2)L fine struc-
ture constant[48]. Consequently, we may decouple the
equations for nL and B + L generation to a reasonable
approximation.
Following Refs. [36], we assume a planar bubble wall
profile so that charge densities are functions only of their
displacement z = |~x − ~vwt| from the bubble wall in its
rest frame, where ~x is the co-ordinate in the plasma rest
frame and where the z < 0 (z > 0) region corresponds
to the (un)broken phase. We also apply Fick’s law to
make the replacement jµi ≡ (ni, ~ji) → (ni,−Di~∇ni).
Here, ni is the charge density and Di is the diffusion
constant which describes how ni is transported away
from the bubble wall. Assuming µi/T << 1, the chem-
ical potentials are related to the charge densities as
ni = (T
2/6)kiµi + O(µi/T )3 where the ki factor counts
the effective degrees of freedom of species i in the plasma.
These ki factors are
ki = gi
6
pi2
∫ ∞
mi/T
dxx
ex
(ex ± 1)2
√
x2 −m2i /T 2 (19)
where gi counts the number of internal degrees of free-
dom for species i and mi is the effective mass of particle
i at temperature T . By searching for steady-state
solutions that only depend on z, we can make the re-
placements ∂ni(z)/∂t → vwn′i(z) and ~∇2ni(z) → n′′i (z)
where the prime denotes differentiation with respect to z
and vw ≡ ∂z/∂t is the velocity of the bubble wall. After
these modifications, the Boltzmann equations become a
coupled set of second order differential equations for the
charge densities ni(z) with one such equation for each
independent particle species coupled to the baryon- and
CP-violating source in the plasma.
A. Local Equilibrium Considrations
The spontaneous breaking of SU(3)C symmetry im-
plies that one needs to consider the transport dynamics
of each color separately. A significant simplification can
be made if the dynamics of colou and weak isospin singlet
can be separated from multiplets. This is what we en-
deavor to achieve in this section. The only assumption we
will require is that we are in a section of parameter space
where gauge interactions are fast enough compared to
the inverse of the diffusion rate which is controlled by the
velocity of the advancing bubble wall, ΓD ∼ v2W /D[49].
For the sake simplicity we will also assume that scalar
interactions involving both colored scalars are also fast
enough compared to a diffusion rate to equilibrate the
two
nQ =
∑
i
ntLi + nbLi
nT =
∑
i
ntRi
nB =
∑
i
nbRi
nU =
∑
i
ncRi
nL = nτL + nντL
nH = nH+ + nH0
nC =
1
2
(∑
iα
n
χ
2/3
iα
+ n
χ
−1/3
iα
)
(20)
where the above species are the left handed third gener-
ation quark doublet, the right handed top, bottom and
charm, the third generation left handed lepton doublet,
the Higgs doublet and the combined colored scalar den-
sities respectively. Note that i ∈ (1, 2, 3) is an SU(3)C
6index and α ∈ (1, 2) is an index for the species of lepto-
quark.
Let us begin with making use of gauge interactions. We
will denote the chemical potentials of the two components
of an arbitrary SU(2)L doublet as µ↑ and µ↓ respectively.
Also let us denote the three components of an arbitrary
color triplet as µi for i ∈ 1, 2, 3. The remaining SU(2)C
symmetry results in a local equilibrium relation between
the first two colors
µ1 = µ2 . (21)
The result of this is that there are only two independent
colors. We can therefore write all components of the
SU(3)C triplet can be written as a linear combination of
the color singlet and octet state which we denote as µ8
and µS respectively(
µS
µ8
)
=
(
2 1
1√
3
− 1√
3
)(
µ1,2
µ3
)
(22)
where µ1,2 represents either color since they are in equi-
librium.
The assumption of local gauge equilibrium for massive
gauge results in the following relations between chemical
potentials
µ1 − µ3 = 1√
3
µ8 = µG45
µ2 − µ3 = 1√
3
µ8 = µG67
µ↑ − µ↓ ≡ ∆µ = −µW , (23)
where µ↑ (µ↓) denotes the chemical potential for any
weak isodoublet with third component +1/2 (−1/2) .
The first two lines in Eq. (23) imply
µG45 = µG67 ≡ µG (24)
Similarly any chemical potential of the form ∆µ is equal
to −µW . Therefore, the densities of all gauge multi-
plets in the network of transport equations for color and
SU(2)L singlets can be written in terms of massive gauge
bosons densities.
Next, we use the CoB phase conservation laws to elim-
inate the massive gauge boson densities from all trans-
port equations for color and SU(2)L singlets. Recall from
section III that there are the two charges QX1,2 are con-
served in the CoB phase. To make use of a conservation
law one must set the sum of the charge asymmetry for
all particle species to zero. For example, in the case of
the QX1 conservation we have∑
i∈particles
QX1
(
6ni
T 2
)
=
∑
i∈particles
QX1µiki = 0 . (25)
For convenience the relevant charges of all important par-
ticle species are given in the appendix. We find for QX1
the simple relationship
µG = −µW . (26)
This allows us to eliminate the µG in terms of µW . Next
we consider QX2 conservation. Using Eqs. (23), (24) and
(26) we obtain
µW =
3
16
(
1
6
µQL +
2
3
µtR −
1
3
µbR −
1
2
µL + µH +
2
3
µC
)
,
(27)
which can be used to eliminate µW . We have now
achieved our goal of writing µ8 and ∆µ in terms of gauge
singlet densities.
There exists one additional relationship that allows us
to eliminate one more chemical potential. In the CoB
phase, the scalar fluctuations about the CoB VEVs are
real scalars that can no longer carry any charge, implying
vanishing of their chemical potentials,
µ
χ
−1/3
α3
= 0 (28)
with α ∈ (1, 2) denoting the leptoquark species. Using
equations (22), (23), (24) and (26) we can derive the
relation
µC = −7µW . (29)
Substituting into Eq. (27) and solving for µC allows us
eliminate the leptoquark chemical potential in favor of
the quark, lepton, and Higgs chemical potentials appear-
ing in Eq. (27). Thus, the final set of Boltzmann equa-
tions need not contain either µW or µC .
To conclude this section we briefly comment on the
strong sphaleron rate. Strong sphalerons transitions con-
vert left handed quarks into right handed quarks and
vice versa. Since we are breaking SU(3)C through a
strongly first order phase transition, the sphaleron rate
for the third color gets supressed in the CoB phase
by a factor controlled by the sphaleron energy, Γsph ∼
exp[−ESph/T ], where the sphaleron energy itself is pro-
portional to the color breaking vev, vcb. Therefore we can
ignore strong sphaleron transitions for the third color.
The linear combination of chemical potentials that mul-
tiply the remaining SU(2)C sphaleron rate Γ
(2)
SS in the
transport equations is just
µL1 + µL2 − µR1 − µR2 . (30)
Using Eqns. (22) and (23), one finds that the contribu-
tions from the color octets cancel. Recall that we assume
that local baryon number is conserved for the first two
generations of particles. The result is that the Eq. (30)
can be written in the form
µLi − µRi = 2 (8µU + µT + µB − 2µQ) . (31)
B. Quantum Transport Equations
We now derive the Boltzmann equations for all relevant
color and SU(2)L singlets. To that end, we first construct
7the Boltzmann equations for the color and isospin com-
ponents of each field, adding them together to obtain
the equations for the color and SU(2)L singlet densities.
To illustrate, consider the right handed b-quark singlet
charge density nB . Following the steps laid out in the
previous subsection we obtain the following equations for
the two independent charge densities nb1R and nb3R
∂µj
µ
b1R
= −2Γχ2/3
(
µb1R − µχ2/31 − µτL
)
−2Γχ−1/3
(
µb1R − µχ−1/31 − µντL
)
(32a)
− Γ(2)SS
∑
i=gen.
(
µu1iR + µd1iR − µu1iL − µd1iL
)
,
∂µj
µ
b3R
= −2Γχ2/3
(
µb3R − µχ2/33 − µτL
)
−2Γχ−1/3
(
µb3R − µντL
)
− ΓM
(
µb3R − µντL
)
+S(CPV,BLV) (32b)
where Γχ2/3 , Γχ−1/3 are the 3-body rates stemming from
the Yukawa interactions in Eq. (4) and Γ
(2)
SS is the strong
sphaleron rate associated with non-perturbative SU(2)C
gauge interactions.
Since the gluons associated with SU(2)C only me-
diate interactions between the first two components
of a SU(3)C triplet, the strong sphaleron interactions
connected with SU(2)C have no effect on any charge
densities corresponding to the third color. Both the
2-body CP-conserving rate ΓM and the baryon- and
CP-violating source term S(CPV,BLV originate from the
interactions with the CoB vev and thus only appear
in Eq. (32b). Moreover, the chemical potential µ
χ
−1/3
3
has vanished due to the formation of CoB VEVs. As a
consequence, the combination µb3R − µντL is relaxed by
both 3-body, Γχ−1/3 , and 2-body, ΓM , interaction rates
in Eq. (32b). The factors of two in front of the Γχ2/3
and Γχ−1/3 rates represent the contributions from both
doublets C1 and C2 whose individual isospin components
have been equilibrated by potential operators.
Before taking the singlet combination of
Eqs. (32a,32b), we simplify them by assuming that
all χ fields have the same mass, implying that all
3-body rates are equal up to the (relatively negligible)
difference between the τL and ντL thermal masses, i.e.,
Γχ2/3 = Γχ−1/3 ≡ ΓC . The singlet combination is
∂µj
µ
B ≡ 2∂µjµb1R + ∂µj
µ
b3R
= −
(
1
6
(ΓC + ΓM ) (2µB − µC − 3µL)
+
2
3
Γ
(2)
SS (8µU + µT + µB − µQ)
)
+ S(CPV,BLV (33)
where µC ≡
∑
α(µχ2/3α
+ µ
χ
−1/3
α
). Here, we have taken
advantage of all equilibrium relations derived in sec-
tion IV A to write the right hand side of Eq. (33) entirely
in terms of weak isospin and color singlets. Note that to
this point we have factored out a factor of 3(2) from the
k-factors to account for the components of color triplets
(isospin doublets). We now reabsorb these factors into
the k-factors appearing in our Boltzmann equations. The
final form then becomes
vwB
′ −DqB′′ = − (ΓC + ΓM )
(
B
kB
− C
kC
− L
kL
)
+2Γ
(2)
SS
(
8U
kU
+
T
kT
+
B
kB
− 2Q
kQ
)
+ S(CPV,BLV), (34)
where we have expressed the left hand side of the
Boltzmann equation in terms of the singlet density as
described in section IV.
Following the steps laid out above for all other inde-
pendent charge densities in Eq. (20), we obtain
vwU
′ −DqU ′′ = −2Γ(2)SS ESS (35a)
vwT
′ −DqT ′′ = −2Γ(2)SS ESS − ΓH EH (35b)
vwQ
′ −DqQ′′ = 4Γ(2)SS ESS + ΓH EH (35c)
vwH
′ −DLH ′′ = ΓH EH (35d)
vwB
′ −DqB′′ = −2Γ(2)SS ESS − (ΓC + ΓM ) EM
+S(CPV,BLV) (35e)
vwL
′ −DLL′′ = (ΓC + ΓM ) EM − S(CPV,BLV)
(35f)
EH ≡
(
T
kH
− QkQ − HkH
)
, EM ≡
(
B
kB
− CkC − LkL
)
ESS ≡
(
8U
kU
+ TkT +
B
kB
− 2QkQ
)
. (36)
where
C = − 7
10
(
1
6
Q+
2
3
T − 1
3
B − 1
2
L+H
)
, (37)
obtained through the combination of Eqs. (29) and (27).
Note that we have assumed the rate for EW sphalerons
is much slower than all other rates considered thus far
and have, thus, not included the EW sphaleron tran-
sition terms in computing the densities2. Consequently,
the transport equations should conserve B+L. This con-
servation is manifest for the third generation fermions, as
one can see by adding Eqs. (35b, 35c,35e,35b) and noting
that the transport equation for the RH leptons has a van-
ishing RHS. For the first and second generation fermions,
we note that (a) the transport equation for the first and
second generation down-type RH quarks has the same
2 We will take the resulting LH fermion density as input into the
EW sphaleron-driven equation for B + L below.
8form as Eq. (35a) but with U → D; (b) the equation
for the first and second generation LH quark doublets
has the same form as Eq. (35c) but with vanishing ΓH ;
(c) the transport equations for the first and second gen-
eration LH and RH leptons also have a vanishing RHS.
Consequently, B+L is locally conserved for the first and
second generations as well in the limit of vanishing EW
sphaleron rate.
In Eqs. (35a,35b,35c,35e), the numerical value of the
diffusion constant, Dq, for all quark states depends on
whether SU(3)C or SU(2)C is the conserved color sym-
metry. However, for simplicity, we assume the value
Dq = 6/T throughout, obtained in SU(3)C conserving
calculations, while for DL we take 100/T [50, 51]
The set of transport coefficients excluding the relax-
ation term which was already given in Eq. (17) are
ΓH =
36y2t
T 2
IF (mtR ,mQ,mC) + 0.13αsT (38)
ΓC =
144|y˜1|2
T 2
IF (mbR ,mL,mC) + 0.52|y˜1|2αsT.
(39)
The relaxation rates ΓH and ΓC depend on the func-
tion IF [52] that characterizes the three-body decays,
tR → Q+H and bR → L+C respectively, and a 4-body
scattering contribution proportional to αs. Note that in
regions of mass parameter space where IF due to kine-
matic blocking, the 4-body term remains non-zero. Also
note that for the sake of simplicity we have restricted
ourself to the case where y˜1 = y˜2.
Finally, we consider the non-perturbative SU(2)C
strong sphaleron rate Γ
(2)
SS . In Ref. [53], the NC de-
pendence of the strong sphaleron rate was explored.
By following their results, we identify the numerical
value of the SU(2)C strong sphaleron rate to be roughly
Γ
(2)
SS ' 9α4sT .
In the next section, we present our solution of the
Boltzmann equations and discuss how this is related to
the determination of YB in CoBBG.
C. Solving the Quantum Transport Equations and
Results
We begin by discussing the parameterization of the
set of Boltzmann equations. In principle, the numerical
values of all coefficients and source terms in Eq. (35f) are
parameterized by 6 unknown model parameters: two tree
level masses (mH(T ),mC(T )) and two complex Yukawa
couplings (y˜1, y˜2). However, only the relative phase, δ, is
physically relevant. Moreover, for simplicity, we assume
that both Yukawa couplings have equal magnitudes y˜ ≡
|y˜1| = |y˜2|. Under these assumptions, the prefactors in
Eqs. (15) and (16) become
Im(y˜1y˜
∗
2)(ϕ1ϕ˙2 − ϕ2ϕ˙1) = y˜2 sin δ ζ˙ ϕ2CB
and
|y˜1ϕ1 + y˜2ϕ2|2 = y˜2ϕ2CB (1 + sin(2ζ) cos δ) (40)
respectively, where we remind the reader that
ϕ2CB = ϕ
2
1 + ϕ
2
2 and tan ζ = ϕ2/ϕ1.
The first step in determining YB in CoBBG is to solve
the Boltzmann equations in Eq. (35f). We note that,
without a source term for any of the T , Q, or U densi-
ties, there exists a linear combination of their Boltzmann
equations for which the right hand side vanishes, i.e.,
vw(T
′ +Q′ + U ′)−Dq(T ′′ +Q′′ + U ′′) = 0. (41)
Each of these densities diffuse in the plasma at the same
rate which implies that this combination is locally con-
served. This means that
T +Q+ U = 0 , (42)
thereby eliminating the need for explicit retention of the
transport equation for U = −(Q + T ). We then employ
the novel methods of Ref. [54] to directly solve the re-
duced set of five Boltzmann equations analytically with-
out recourse to any assumption about the size of the 3-
body rates.
For each of the densities, D = {T,Q,H,B,L}, we as-
sume the boundary conditions D(±∞) = 0. That is, we
assume that the electroweak phase transition in which
SU(3)C is restored occurs at a time much larger than the
diffusion time scale τD. For simplicity we also approxi-
mate the relaxation rate ΓM near the bubble wall as a
step function
ΓM (z) =
 0 z < 0 (unbroken)ΓM (10Lw) z > 0 (broken) , (43)
where Lw is the width of the bubble wall and 10Lw is
simply a sufficient distance from the wall that ΓM has be-
come constant in the CoB phase. This produces a slight
underestimate of the baryon asymmetry, however the er-
ror tends to be small [54]. In order to determine the
numerical values of ΓM and S
(CPV,BLV) we further re-
quire the full spacetime dependence of the CoB vev ϕCB
and its angle tan ζ across the bubble wall. A detailed
calculation of this dependence requires an involved anal-
ysis of the full scalar potential, which we defer to future
work. For simplicity, we assume a kink profile [55–58]
vCB(z) =
ξT
2
√
2
(
1 + tanh
(
2α
z
Lw
))
ζ(z) =
∆ζ
2
(
1 + tanh
(
2α
z
Lw
))
(44)
where we take α = ξ = 3/2. Following detailed calcula-
tions in the MSSM [59], we assume a conservative value
9for ∆ζ ≡ ζ(T )|z→∞ − ζ(T )|z→−∞ which we take to be
∆ζ = 0.01. Note that the BAU is directly proportional
to ∆ζ and the presence of scalar singlets can lift the value
of ∆ζ by an order of magnitude or more [60].
In Fig. 3, we present the charge densities for the
case of a maximal CP-violating phase, sin δ = 1, a
Yukawa coupling of y˜ = 0.1, and tree-level masses of
mC(T ) = 250 GeV and mH(T ) = 100 GeV. Moreover,
to obtain these results we have used the following phase
transition parameters T = 250 GeV, Lw = 10/T , and
vw = 0.05.
We now discuss calculation of the total baryon asym-
metry in the CoB phase. As previously stated, the
baryon asymmetry has two components. A space time
varying asymmetry in B − L due to the spontaneous vi-
olation of this conserved number within the color broken
phase and the usual component that arises from a to-
tal left handed number density which biases electroweak
sphalerons ahead of the advancing bubble wall produc-
ing a net B + L asymmetry. Note that deep within the
color broken phase B+L is effectively conserved and this
asymmetry will persist into the electroweak phase.
In Fig. 4 and Fig. 5 we show how the baryon asymme-
try varies as a function of spacetime for various values of
the leptoquark tree level mass and coupling respectively.
The dotted line in these figures are the contribution to
the BAU from the electroweak mechanism whereas the
solid line is the space time varying contribution from
spontaneous breaking of B − L. We normalize the space
time variable by the Hubble length to highlight that the
latter contribution is very small. Generally we find that
the space time varying component vanishes very close
to the bubble wall - about one trillionth of the Hubble
length. From these figures we see that one can easily pro-
duce the BAU for a large range of parameter space during
the color breaking phase transition. The BAU mono-
tonically decreases with mC(T )/T but increases with y˜.
The dependence on mC(T )/T is gentle indicating a weak
dependence on the leptoquark mass. This is explained
by the fact that the leptoquark masses do not enter the
functions for the CPV sources, they only appear in the
relaxation term ΓC .
V. RELIC CHARGE ASYMMETRY
The conserved charges in the intermediate vacuum dif-
fer from the SM conserved charges. In particular, B −L
and QEM are not conserved in the CoB phase, leading to
residual non-vanishing charges in the bubble in the sub-
sequent Higgs phase. We compute the B − L and QEM
densities from the solutions to the transport equations
described in Section IV. We find that, during the first
transition, the total B − L and QEM charges vanish, as
the contributions inside and outside the bubble have op-
posite sign, canceling contributions. The corresponding
densities are shown in Fig. 6. Note, however, that the
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FIG. 3: Charge densities of all relevant species for mC(T ) =
800 GeV, T = 250 GeV, mH(T ) = 100 GeV, sin δ = 1, y˜ =
0.1, Lw = 10/T and vw = 0.05. Region of positive (negative)
z denotes the region of broken (unbroken) SU(3)C×SU(2)L.
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FIG. 4: Variation in BAU due to mC(T ) as a function of the
space time variable z normalized by the Hubble length. The
BAU has two components: a space time varying component
due to the spontaneous violation of baryon asymmetry and
a component due to the EWBG mechanism. The space time
varying component barely penetrates the bubble wall com-
pared to the Hubble length.
unbroken phase charge asymmetries shown there do not
diffuse inside the broken phase, as the coordinate system
in which we have solved the transport equations in is the
rest frame of the bubble wall.
The isotropy of the Cosmic Microwave Background
places stringent constraints on the ratio of the average
charge density and entropy density [28]∣∣∣ n¯QEM
s
∣∣∣ ≤ 10−37 . (45)
To determine the restrictions this bound implies for the
CoB scenario, let us assume that the transition into the
Higgs phase occurs after the color breaking bubble oc-
cupies at least one Hubble volume. In this case, cal-
culating the charge asymmetry requires us to integrate
the space time dependent charge asymmetry to entropy
ratio, nQEM (z)/s, over the entire symmetric phase and
10
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FIG. 5: Variation in BAU due to yLQ as a function of the
space time variable z normalized by the Hubble length. The
BAU has two components: a space time varying component
due to the spontaneous violation of baryon asymmetry and
a component due to the EWBG mechanism. The space time
varying component barely penetrates the bubble wall com-
pared to the Hubble length.
dividing by the Hubble volume. The Hubble parameter
is
H =
√
8pi3g∗T 4
90m2pl
(46)
where g∗ is the number of effective degrees of freedom
available at the temperature in question and mpl is the
Plank mass. With the parameters we have chosen we get
a charge asymmetry of
3
4pisH−3
∫
dV nQEM(z) ∼ 10−47
∫
dV nQEM(z) (47)
where
s =
2pi2
45
g∗T 3 (48)
Note that we find the integral over the charge asymmetry
is typically O(10−47)−O(10−45). for various parameter
points including the one shown in Fig. 6. Thus, the elec-
tromagnetic charge asymmetry is well below the bound
given in Ref. [28].
VI. PHENOMENOLOGY
A. LHC constraints
At T = 0, the colored scalars, C1 and C2, are pro-
duced through their strong interactions at the LHC. Un-
der the assumption given in Eq. (6), the scalar decay
modes are χ2/3 → bRτL and χ−1/3 → bRντL with unit
branching ratios. The CMS collaboration has recently
placed limits on scalar leptoquarks which dominantly de-
cay into these modes by studying their pair production.
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FIG. 6: The space time dependent number density for the
total electromagnetic charge asymmetry (blue) and the total
number density for B − L asymmetry (yellow) for tree level
leptoquark mass of 800 GeV and Yukawa coupling of 0.1. The
magnitudes of both asymmetries decay to vanishingly small
values within a tiny fraction of the Hubble length.
The dominant pair production mechanisms at the LHC
for these colored scalars are through gluon-gluon fusion
and quark-antiquark annihilation, for which the cross sec-
tions depend only on the scalar mass. At
√
s=8 TeV,
limits have been derived on colored scalars decaying to
bRτL [61] using an integrated luminosity of 12.9 fb
−1. A
unit branching ratio was assumed and upper limits on
the production cross sections were set at the 95% C.L.,
yielding the bound of mC2/3 ≥850 GeV. Limits on lepto-
quarks decaying in the bRντ mode derived by the ATLAS
collaboration are mC−1/3 ≥640 GeV [32].
Aside from direct searches, the colored scalars of
CoBBG can also be searched for indirectly by exam-
ining their effects on the rates for production and de-
cay of the SM Higgs. At the 1-loop level, their SU(3)C
charges enable them to interfere with top quark loops
in gluon-gluon fusion production of the SM Higgs. As
well, their U(1)EM charges enable them to interfere
with both top quark and W± loops in Higgs-to-diphoton
decay. The modifications of these rates are best ex-
pressed as ratios with the SM-valued rates, Rγγ(Rgg) ≡
Γγγ/Γ
SM
γγ (σgg/σ
SM
gg ). At leading, non-trivial order, one
has
Rγγ =
∣∣F1(τW ) + 43F1/2(τt) +Nc∑iQ2EMξCiF0(τCi)∣∣2∣∣F1(τW ) + 43F1/2(τt)∣∣2
Rgg =
∣∣F1/2(τt) +∑i ξCiF0(τCi)∣∣2∣∣F1/2(τt)∣∣2 , (49)
where we sum over the contributions of each colored
scalar. Here, we have defined τi=4m
2
i /m
2
h,
ξCi = 2
λHCi
g1
M2W
m2Ci
, (50)
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FIG. 7: Shaded region represents the allowed (mC ,λHC) pa-
rameter space from current LHC Higgs measurements at the
95% C.L. The dashed (dotted) line represents the 95% C.L.
projected sensitivity to this parameter space at the 300fb−1
(3ab−1) high luminosity LHC.
QEM is the electric charge of the scalar Ci, and all loop
functions are defined in Ref. [62]. The parameters λHCi
are the couplings associated with the Higgs portal op-
erator H†HC†iCi. While they do not directly enter the
transport computation, they are nevertheless important
for the phase transition dynamics.
Using these ratios, we construct the set of signal rates
µXX associated with Higgs measurements, relative to
pure SM-Higgs expectations, i.e.,
µXX =
σ · BR
σSM · BRSM . (51)
Each signal rate is a function of the Higgs portal cou-
plings λHCi and scalar masses mCi and, for simplicity,
we assume that all scalars are degenerate in mass and
share the same λHC . We then impose constraints on
these parameters by performing a global χ2 fit to the
current Higgs data3 using
χ2(λHC ,mC) =
∑
X
(
µobsXX − µXX
∆µobsXX
)2
, (52)
where µobsi (∆µ
obs
i ) are the (uncertainties in the)
observed signal rates. The resulting 95% C.L. limit
on the parameters, shown in Fig. 7, implies that, for
scalar masses above the current direct search limits
(mC >∼500 GeV), a wide range of λHC is open. We
also include future projected limits expected from the
HL-LHC [67–70], represented by the solid and dashed
black contours in Fig. 7.
3 aside from [63–65] which uses 13 TeV data, the most up to date
signal strengths are taken from 7 and 8 TeV data in Ref. [66].
We use the 13 TeV signal strengths and uncertainties unless it is
unavailable.
B. Electric Dipole Moments
Searches for permanent electric dipole moments
(EDMs) provide constraints on the CP violating phases
necessary for producing a baryon asymmetry (see, e.g.,
Ref. [11] and references therein. For other recent EDM
reviews, see [71–74] Here, we consider EDM constraints
on the CP violating phases present in the leptoquark cou-
plings, yi. We find that improvements in experimental
sensitivity by many orders of magnitude would be needed
to probe the full parameter space of the specific CoB sce-
nario discussed here.
We work in the effective field theory frame work where
weak scale particles, t, W±, Z, H, and C1,2 are consid-
ered heavy and integrated out. The effective Lagrangian
that results from this is a sum of fermion EDMs, chromo-
EDMs and the three-gluon Weinberg operator [75]
LCPV = − i
2
dffσ
µνγ5fFµν − i
2
d˜qgsqiσ
µνγ5(T a)ijqjG
a
µν
+ gs
CW
Λ2
fabcGaµνG˜
bνλGcµλ + h.c. (53)
Here, Fµν (G
a
µν) is the photon (gluon) field strength,
G˜aµν ≡ 12µναβGaαβ is the dual field strength (with
0123 = +1), and T
a and fabc are the full SU(3)C gen-
erators and structure constants, respectively. Finally Λ
is the BSM scale that has been explicitly factored out,
whereas the coefficients of the dipole operators retain di-
mensions of one inverse power of the mass. We will as-
sume that the QCD θ term, arising at dimension-four in
the SM, is removed by the Peccei-Quinn mechanism [76].
Moreover, we do not consider CP-odd four-fermion in-
teractions (generated by tree-level C1,2 exchange) as all
couplings to first and second generation fermions are sup-
pressed.
Elementary fermion EDMs and CEDMs originate first
at the 3-loop level from the three loop, Barr-Zee type
graphs shown in Fig. 8 [panel a]. This loop suppression
arises from the need for a different phase in the Yukawa
vertices in the fermion loop. Such a diagram requires
mixing of C1,2 mixing through Higgs portal interactions
4.
Naive dimensional analysis yields for the electron EDM
de ' eαEM
4pi
Im(y1y2)
(4pi)4
mem
2
b
m4C
∼ 5× 10−36 Im(y1y2)
(
TeV
mC
)4
e · cm. (54)
The scaling with m−4C is not surprising, since the C1-
C2 mixing an insertion of 〈H†H〉 associated with mixing
in the scalar potential. For mC = 500 GeV this gives
4 Note that inclusion of unsuppressed first and second genera-
tion leptoquark interactions one give rise to one-loop elementary
fermion (chromo-) EDMs
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de ∼ 10−34 Im(y1y2) e · cm, far below even the recent
ACME bound |de| < 8.7 × 10−29 e · cm [77], leaving the
CP-odd phases unconstrained. Accordingly, we neglect
all fermion (chromo-)EDMs.
The neutron EDM receives contributions from the
quark EDM and chromo-EDM operators as well as the
Weinberg three-gluon operator. For the light quarks,
the (chromo-)EDMs will be enhanced compared to de
by mq/me ∼ 10, where mq is the light quark mass. The
resulting contribution will, nevertheless, be far too small
to be experimentally relevant.
The neutron EDM, dN , and the isoscalar P and T
odd pion-nucleon coupling g¯0pi are both sensitive to the
Weinberg operator. Following Ref. [72] one can relate
both dN and g¯
0
pi to the Wilson coefficient of the Weinberg
operator
dN =
v2
m2C
Im[CW ]βG˜ (55)
g¯0pi =
v2
m2C
Im[CW ]γG˜ (56)
where
βG˜ = [2−40]×10−7e ·fm, γG˜ = [1−10]×10−6 . (57)
Based on the diagram in Fig. 8 [panel b], we estimate
CW at the weak scale, obtaining
CW =
g2s
(4pi)4
Im(y1y2)f
(
m2C
m2b
)
. (58)
Here f is a 2-loop function which we identify with that
calculated in Ref. [78]. We emphasize that, since the
internal scalar lines themselves have SU(3)C charge and
can also emit gluons, the true loop function inevitably
differs from that of Ref. [78]. However, we expect such
contributions to be suppressed relative to Eqs. (55) and
(56) due to their explicit momentum dependence so we
persist for now with the above estimate.
Following Ref. [79–81], the running of the Weinberg
operator coefficient from the weak scale to the hadronic
scale is given by
CW (MQCD) =
(
αs(MW )
αs(MQCD)
)γG/(2β0)
CW (MW ) . (59)
with anomalous dimension γG = Nc+2nf+β0, β0 = 11−
2/3nf , and nf ≡ the number of active quark flavors. As
heavy quark flavors are integrated out at their respective
masses, threshold effects arise [82], inducing a shift in CW
proportional to the corresponding CEDM. In particular,
such a shift occurs at the b-quark mass threshold and can
lead to significant effects if d˜b can be generated at the 1-
loop level. However, as C1,2 couple only to bR, generation
of d˜b still arises from the Bar-Zee graphs in Fig. 8 [panel
a], rendering the resulting shift completely negligible.
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FIG. 8: Panel (a): Fermion EDMs and chromo-EDMs arise at
the 3-loop level, precluding any resulting constructive bounds
on the parameter space from these sources. Panel (b): The
neutron EDM is sensitive to CP violation in CoBBG through
the Weinberg operator. Next generation experiments search-
ing for neutron EDMs require an improvement of roughly
O(103) in order to test the CoBBG scenario.
The resulting estimate for the neutron EDM and g¯0pi
are then
dN ≈ [3− 60]× 10−25 v
2
m2C
Im(y1y2)f
(
m2C
m2b
)
e · cm
g¯0pi ≈ [1.5− 15]× 10−11
v2
m2C
Im(y1y2)f
(
m2C
m2b
)
(60)
which, for mC = 500 GeV, gives dN ' 10−28 Im(y1y2).
The current upper limit on the neutron EDM is set at
the 90% C.L. as |dn| < [2.9− 3.0]× 10−26 e · cm [83, 84],
implying that next-generation neutron EDM experiments
require improvements of O(102-103) to directly probe the
CP violation responsible for baryon production during
the CoB phase transition. The current upper limit on
the isoscalar coupling is |g¯0pi| < 3.8 × 10−12 [74] and we
similarly find we are at least two orders of magnitude
below this bound for a leptoquark mass of 500 GeV. So
contributions to EDMs are indeed constrained within our
model. However, we make the following two caveats to
our analysis
• Under our current assumption of a CP-conserving
potential, the operators responsible for C1,2 mix-
ing do not themselves contribute a phase and thus
precision measurements of EDMs directly constrain
the phase responsible for baryon production during
the CoB transition. If this assumption is relaxed,
the connection between the CP violation respon-
sible for baryon production and that appearing in
EDMs becomes less clear.
• The values of βG˜ and γG˜ are quite uncertain and
span an order of magnitude.
We leave a thorough calculation of each EDM as well as
consideration of these issues to a future project.
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VII. CONCLUSIONS
EWBG links the generation of the cosmic baryon
asymmetry to electroweak symmetry breaking in the
early universe. In contrast to other theoretically well-
motivated scenarios, it is one of the most testable, since
it involves new weak scale physics. Not surprisingly,
null results for permanent EDMs as well as new particle
searches at the LHC tightly constrain EWBG models.
In this work we have relaxed the assumption that to-
day’s symmetries have always been symmetries of na-
ture throughout our cosmic history [16–26]. We specif-
ically examine the possibility that SU(3)C was broken
for a period and then subsequently restored [25]. This
framework of CoB represents a new EWBG paradigm.
We have presented an implementation of this framework
that successfully reproduces the BAU without signifi-
cant fine-tuning while evading present experimental con-
straints. The framework is still testable because the lep-
toquark couplings cannot be arbitrarily small, nor can
their masses be arbitrarily heavy.
In CoB, the BAU is generated during an intermedi-
ate color breaking phase transition. We consider the
case where color-breaking fields couple to SM fermions
so as to avoid stable colored relics. Furthermore, in
our implementation the interaction between the color
breaking fields and the standard model fermions conserve
B−L. As such, the spontaneous breaking and restoration
of SU(3)C is associated with spontaneous breaking and
restoration of B−L. However, during the color-breaking
transition a B + L asymmetry is generated through the
electroweak mechanism which persists even when B−L is
restored. The spontaneous breaking of B−L leaves a very
small relic asymmetry that is associated with relic charge
asymmetry that is well below observational bounds
We conclude by noting that our particular implemen-
tation of CoB was a proof of concept. There are other
possible implementations of CoB and to truly test the vi-
ability of any particular model one would need to simul-
taneously examine the phase transition and the transport
dynamics. We leave such an examination to future work.
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Appendix
Here, we provide a table of charge values associated
with all symmetries in the symmetric, CoB, and elec-
troweak phases for all particle species.
15
State QT3 QT8 Qτ3 QY QX1 = QT8 − 2√3Qτ3 QX2 = Qτ3 + 3QY
{u1L, u2L, u3L} { 12 ,− 12 , 0} { 12√3 , 12√3 ,− 1√3} 12 16 {− 12√3 ,− 12√3 ,− 2√3} 1
{d1L, d2L, d3L} { 12 ,− 12 , 0} { 12√3 , 12√3 ,− 1√3} − 12 16 {
√
3
2
,−
√
3
2
, 0} 0
{u1R, u2R, u3R} { 12 ,− 12 , 0} { 12√3 , 12√3 ,− 1√3} 0 23 { 12√3 , 12√3 ,− 1√3} 2
{d1R, d2R, d3R} { 12 ,− 12 , 0} { 12√3 , 12√3 ,− 1√3} 0 − 13 { 12√3 , 12√3 ,− 1√3} -1
eL 0 0 − 12 − 12 1√3 -2
νL 0 0
1
2
− 1
2
− 1√
3
-1
H+ 0 0 1
2
1
2
− 1√
3
2
H0 0 0 1
2
1
2
1√
3
1
W±µ 0 0 ±1 0 ∓ 2√3 ±1
{χ2/31 , χ2/32 , χ2/33 } { 12 ,− 12 , 0} { 12√3 , 12√3 ,− 1√3} 12 16 {− 12√3 ,− 12√3 ,− 2√3} 1
{χ−1/31 , χ−1/32 , χ−1/33 } { 12 ,− 12 , 0} { 12√3 , 12√3 ,− 1√3} − 12 16 {
√
3
2
,−
√
3
2
, 0} 0
{G±,12µ , G±,45µ , G±,67µ } {±1,±1/2,∓1/2} {0,±
√
3
2
,±
√
3
2
} 0 0 {0,±
√
3
2
,±
√
3
2
} 0
TABLE I: Table of charges for all species in the plasma. Singular values for a given charge imply that all colors have the same
charge.
